During a high velocity impact of a structure on an incompressible fluid, impulse loads with high pressure peaks occur. This physical phenomenon called 'slamming' is a concern in the shipbuilding industry because of the possibility of hull damage. Shipbuilding companies are carrying out several studies on the slamming modeling using FEM software. This paper presents the prediction of the local high pressure load on a wedge striking a free surface. The fluid-structure interaction is simulated by a fluid-structure coupling algorithm. This method of coupling, which makes it possible to transmit the efforts in pressure from the Eulerian grid to the Lagrangian grid and vice versa, is a relatively recent algorithmic development. It was successfully used in many scientific and industrial applications: the modeling of the bird strike on the fuselage of a Jet for the Boeing Corporation, underwater explosion shaking the oil platforms, and airbag simulation in automotive industry... Predicting the local pressure peak on the structure requires an accurate fluid-structure interaction algorithm. Thus, some penalty coupling enhancements make the slamming modeling possible. The main improvement is a numerical damping factor which permits to smoothing of the pressure signal.
INTRODUCTION
In the structural design of ship hulls, an estimation of slamming loads is important to avoid substantial damage on the forebody. For instance, the probability of slamming on the fore part of high-speed vessels in rougher seas is really high and therefore, wave impacts can damage the bow. Because of the practical importance of the slamming study in shipbuilding engineering, several investigations have been carried out. The former work is due to Von Karman (1929) [1] who developed an asymptotic theory for the flat impact problems with linearized free surface and body boundary conditions. The force on a bidimensional wedge entry on the calm water surface is estimated as the impact load on a seaplane during landing for which water surface elevation is neglected. But this idealized theory based on momentum conservation underestimates the impact load for wedges with small deadrise angle. The Von Karman formula was modified by Wagner (1932) [2] to account for the piled-up water. This improvement makes it possible to obtain a theory that is generally well-suited to solve the problem of the water entry of 2D-wedges if the deadrise angle, the incidence angle between the free surface and the structure, is small. Wagner's pressure formula is singular on the edge of the expanding plate. To remove this problem, the effect of the nonlinear jet flow in the intersection region between the wedge and the free surface was included by Watanabee (1986) [3] by matching the solution in the splash region to the expanding plate solution of Wagner. In 1996, at small deadrise angle, Zhao et al. [4] give a composite solution for the pressure distribution on the body by generalizing the work of Wagner [2] . In the framework of a study carried out by Principia Marine, the main purpose of this paper is to compare the results obtained by the Zhao's theory [4] and the numerical results given by a fluid/structure interaction algorithm developped in LS-DYNA. In this algorithm, two superposed meshes, an Eulerian fixed mesh for the fluid and a Lagrangian deformable mesh for the structure are considered. The forces are transmitted between the fluid and the structure. Contrary to existing algorithms that couple two separate codes, a CFD code and a structure code, this fluid-structure interaction formulation is a fully coupled algorithm. Thus, first, the penalty coupling will be presented simultaneously with the description of the contact algorithm. More generally, in this first part, the governing equations and the numerical tools, like the Belytschko-Lin-Tsay shell algorithm or the multi-material Eulerian formulation, are presented summarily. The slamming modeling has required some enhancements of the penalty coupling and particularly, a numerical damping to obtain a smooth pressure curve. Secondly, the improvements of the penalty coupling will be tested on a simple case: a fluid compressed by a piston. The interaction in this example will be managed by a penalty coupling and by tied nodes between a Lagrangian fluid and a Lagrangian structure. The fluid pressures of the Lagrangian modeling will be compared to the fluid pressures given by the penalty coupling. Thirdly, the asymptotical matching of the pressure presented by Zhao et al. [4] will be described summarily. The theoretical pressure will be compared to the numerical results obtained by the penalty method. Finally, the slamming modeling will be described and the numerical results will be compared to the previous theoretical results.
DISCRETIZATION OF GOVERNING EQUATIONS AND NUMERICAL TOOLS ALE description of Navier-Stokes Equations [5]
Let Ω R 3 , the domain occupied by the fluid particles, and let ∂Ω denotes its boundary. The equations of mass and momentum conservation for an incompressible Newtonian fluid in ALE form are given by:
where ρ is the density, and σ is the total Cauchy stress given by:
where p is the pressure and µ is the dynamic viscosity. Now, the boundary conditions are introduced. The part of the boundary at which the velocity is assumed to be specified is denoted by ∂Ω g . This is inflow boundary condition:
The traction boundary condition associated with Eq.(2) are the conditions on stress components. These conditions are assumed to be imposed on the remaining part of the boundary:
The homogeneous counterpart of Eq.(5) corresponds to traction free conditions, and is often at the outflow boundaries. This condition is referred to as a natural boundary condition:
As initial condition, a divergence free velocity field v 0 ¡ x¤ is specified over the domain at t ¥ 0:
Lagrangian description of structure equations [6] Let S R 3 , the domain occupied by the structure, and let ∂S denote its boundary. Since a Lagrangian formulation is considered, the movement of the structure S described by
can be expressed in terms of the initial coordinates X α ¡ α ¥ 1 2 3¤ and time t:
The momentum equation is given by the following equation Eq.(9) in which σ is the Cauchy stress, ρ is the density, f is the force density, ¢ ¨x i is acceleration and ¢ n is the unit outward normal to a boundary element of ∂b :
The solution of Eq.(9) satisfies the traction boundary condition of Eq.(10) on the boundary ∂S 1 , the displacement boundary condition of Eq.(11) on the boundary ∂S 2 and the contact discontinuity of Eq.(12) along an interior boundary ∂S 3 when x i
Belytschko-Lin-Tsay shell element [6] In this paper, the shell formulation used to model the structure is the Belytschko-Lin-Tsay formulation. The BelytschkoLin-Tsay shell 4-node element is based on a co-rotational coordinate system in which the stress is expressed in term of a velocity strain. The embedded element coordinate system is defined in term of four corner nodes. The first unit vector of the local co-rotational coordinate system is normal to the main diagonals of the element:¨"ê
The vector 
whereẑ is the distance along the fiber direction and ¢ θ is the angular velocity vector. The mid-surface velocity, the angular velocity and the co-rotational coordinate are approximated by the following interpolations:
in which the subscript I is summed over all the element's nodes. The bilinear shape functions are given, in the element midsurface, by:
By accounting for Eq.(20) and the previous interpolations, the velocity-strains or the rates of deformations are obtained at the center of the element by the relations.
The new Cauchy stresses,σ αβ n 1 , are computed by implementing the material model, σ
and by accounting for the incremental rotation, ∆R:
in which the Greek subscripts represent either x or y. For the Hughes-Liu family of shell elements, ∆R is estimated by using an approximation of the Jaumann rate. Therefore, in every integration points, the instantaneous rotation field is computed. Moreover, since the Jaumann rate update is performed in the global system, the stresses and the rates of deformations are rotated from the global coordinate system to the local coordinate system and, after the update, the new stresses are rotated back to the global system. Thus, the Jaumann rate rotation requires the most operation cost in the Hughes-Liu shell process. For the Belytschko family of elements, the incremental rotation is obtained by expressing the element base vectors at t(n+1) in the local system at t(n). Since the material rotation is equal to the rotation of the local system, ∆R is the identity matrix. This involves the Belytschko-Lin-Tsay shell element is a computationally efficient alternative to the Hughes-Liu shell element. Then, the element-centered resultant forces and moments,f R αβ andm R αβ , are obtained by integrating the stresses through the thickness of the shell. The relations from Eq.(36) to Eq.(41) between these forces and moments and the local nodal forces and moments are obtained by performing the principle of virtual power with one point quadrature.
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in which A is the area of the element and κ is the shear factor from the Mindlin theory. Finally, the global nodal forces and moments are derived from the above relations by using the transformation relations Eq.(42).
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Fluid structure interaction
Using penalty coupling allows us to treat the impact problems in presence of fluid because penalty coupling manages the interactions between a Lagrangian formulation modeling the structure and a Eulerian or an ALE (Arbitrary-LagrangianEulerian) formulation modeling the fluid. The Lagrangian finite element formulation uses a computational mesh that follows the material deformation. This approach is efficient and accurate for problems involving moderate deformations like structure motions or flows that are essentially smooth. When this latter departs from this kind of smoothness, the ALE formulation must be used because the finite element mesh is allowed to move independently from the material flow. In fact, ALE codes allow material to flow through the mesh and therefore the remap step in the ALE algorithm needs an advection algorithm like Godunov methods. The convection schemes available in LS-DYNA are the donor cell algorithm, a first order Godunov method, and the Van Leer algorithm [7] , a second order Godunov method. The used advection scheme is the first method. If the fluid is subjected to large deformations, Lagrangian or ALE meshes are strongly distorted which jeopardizes the simulation because distorted elements have low accuracy and their stable time step sizes are small. The single material Eulerian formulation or the multimaterial Eulerian formulation is fixed in space and materials flow through the mesh using the previous advection schemes, thereby eliminating all the problems associated with a distorted mesh that are commonly encountered with a Lagrangian or ALE formulation. Therefore, using a Euler/Lagrange coupling is interesting to treat slamming problems and, more generally, fluid-structure interaction problems because, first, the multi-material Eulerian formulation models free surface large deformations and second, penalty coupling treats fluid-structure impacts. To describe this algorithm, penalty contact is introduced.
Contact algorithms
Contact algorithms manage the interface between two distinct meshes, ALE mesh or Lagrangian mesh, by preventing a node from passing through a surface. One side of the interface is designated as the slave side and the other is the master side. This nomenclature assumes that there are two distinct surfaces. The nodes lying on both surfaces are also called respectively slave nodes and master nodes. Generally speaking, contact algorithms are based on contact search, then, on contact and release conditions and finally, on contact algorithms. The three-dimensional contact search obviously requires more memory than the two-dimensional contact search which is fairly simple. The interface forces are directly not calculated because the contact conditions must be checked. If these conditions are right, the interface force is calculated according to two approaches. The first one distributes the slave masses and stresses from the slave surface to the master surface. The second one is to apply a contact force between both surfaces. This force is evaluated by either the Lagrange multiplier method or the penalty method. For the first approach, the master and the slave surfaces are treated locally in the contacting interface by distributing half the slave element mass and stress of each element in contact with the master surface. After this distribution, the acceleration of the master surface is updated and then, the slave surface is projected onto the new master surface position by imposing slave node accel-
The second approach is different from the previous method. The interface force methods, the penalty method and the Lagrange multiplier method, are considered in the two-dimensional case. A slave node penetrates a master segment with two nodes in a local coordinate system defined by the normal and tangential directions of the master segment. Extending this example to threedimensional contact is fairly easy. In this system, concentrated forces are defined which act on the slave and the two master nodes and only the normal components are considered. The momentum equations give the following relations Eq(43), Eq. (44) and Eq.(45):
The main task is to calculate F s . Two methods to determine this value are available: either the Lagrange multipier method or the penalty method. The Lagrangian multiplier method introduces, in the equation of motions, the following contact boundary condition:
As the force acting on the node k is λ∂φ8 ∂y k , Eq.(43), Eq.(44) and Eq.(45) can be found again:
Iterative methods are often used to solve the equations rather than a direct resolution. For example, Carpenter et al. [8] resolve the equation system with a Gauss-Seidel method. The penalty method imposes a resisting force to the slave node, given by Eq.(50) proportional to the penetration through the master segment:
k represents the stiffness of a spring. In fact, this method consists in placing normal interface springs between all penetrating nodes and the contact surface. The stiffness factor for master segment is given by Eq.(51) in terms of the bulk modulus K, the volume V and the face area A of the element containing the segment as:
where f is scale factor for the interface stiffness and its default value is 0.1 . Larger values may cause instabilities if the time step size isn't scaled back in the time step calculation. Therefore, Belytschko and Neal [9] give the inegality Eq.(52):
where c is the Courant number. They also limit the maximum penalty force by the contact force between two spheres which is given by Eq.(53):
where F s is the force acting between the spheres, M s and M m are respectively the slave and master element masse, and u m and u s are the velocities of spheres.
Penalty coupling Now, penalty coupling is compared to the previous algorithm. The main difference between both fluidstructure interaction algorithms is the type of mesh which is used. In general, the penalty contact is used for contacts between ALE or Lagrangian meshes. Unlike the penalty contact, the penalty coupling is used between a Eulerian grid which models the fluid and a Lagrangian mesh which models the structure. Without this difference, the penalty coupling is built on the same algorithm as the penalty contact: it allows fluid to flow around a structure but not through a structure. Flow through the structure is prevented in an approximate way by applying penalty forces to the fluid and structure. As soon as a Eulerian node penetrates in a Lagrangian structure, a force of recall is exerted on the contravening node and put its back on the surface of the structure. Penalty forces are calculated proportionally to the penetration velocity and depth to behave like a spring system. More accurately, first, for each Lagrangian node, a search of a Eulerian element containing this node is done. Then, the penetration depth of each fluid node into the structure surface is evaluated by calculating the penetration velocity times the calculus timestep. Finally, penalty forces are determined proportionally to the penetration depth. The coupling method behaves like a spring system. The penalty forces which are recall forces involve numerical oscillations in the output signals like the pressure in a fluid element near the structure. Therefore, this numerical spring system which manages the fluid-structure interaction perturbs the predictions of the simulation. To limit this perturbation, a damping system is added to the coupling algorithm.
DAMPING IN THE COUPLING
In order to highlight the numerical problem evoked in the previous paragraph, we consider the simple following problem: an amount of water is compressed by a piston in the framework of small deformations. The hydroelastic problem is modeled in two ways. First, the fluid and the piston are modeled by Lagrangian meshes. The nodes at the interface between both meshes are merged. Therefore, the fluid/structure interaction is not governed by an algorithm but only by a kinematic condition. This modeling is simple and reliable. The results obtained with this modeling will be reference results. Secondly, the fluid and the structure are modeled by an Eulerian grid and a Lagrangian mesh respectively. The fluid/structure interaction is managed by the penalty coupling. For both modelings, the pressure in water is plotted.
A first glance of the superimposition of the pressure curve shows an obvious difference: high frequency numerical oscillations are stressed on the pressure curve obtained with a coupling. Therefore, the modeling of the piston/fluid interaction with the penalty coupling with no damping involves adding high frequency oscillations to the physical pressure signal. These sinusoidal perturbations must be the solution of the mass-spring system of the penalty coupling. To limit these oscillations, damping the pressure signal is an interesting option.
In general, the numerical dissipation in the numerical scheme is a problem and its limitation is mandatory to respect the physical phenomenon. For instance, Piperno et al. [10] studied the numerical damping errors due to the discrete fluid/structure coupling in order to enhance the numerical scheme by compensating these errors. In this case, improving the accuracy of the numerical results given by the coupling means the correction of the coupled integration schemes to avoid the numerical dissipation effects. Unlike this investigation, the aim of this section is to introduce a damping in the coupling method to eliminate the high frequency oscillations in the results. Several methods can be considered to obtain a filtered curve. Some codes of numerical simulation use numerical implicit schemes with integration parameters which can be adjusted to achieve numerical accuracy and stability. The classical Newmark scheme, second-order and stable scheme can filter out numerical noise. Nevertheless, for specified integration parameters, the numerical damping becomes efficient if the algorithm is of first-order accuracy. Another implicit scheme, the Bossak algorithm, which is a Newmark-type algorithm, gets damping properties while retaining second-order accuracy. In general, these implicit schemes are implemented in a computer program managing the computational structural dynamics calculations in fluid-structure interaction problems. For instance, the earthquake analysis of an arch dam, an investigation carried out by B.Weber and H.Bachmann [11] requires several transient algorithms like Newmark scheme by providing various forms of numerical damping. In the case of the penalty contact algorithm, as LS-DYNA3D is a finite element explicit code, a damping force is added to the penalty force to have a smoother response and consequently better convergence characteristics. In fact, the process is simple: the spring system is completed by a damper as shown on the illustration Fig.2 . The equilibrium equation Eq.(54) of the interface numerical force is given according to relative displacement Z of boundary fluid and structure nodes:
with ξ the damping factor, ω In order to avoid these undesirable oscillations, ξ is critical for ξ ¥ 2ω. Thus, the piston problem is treated with a penalty contact algorithm. Two cases are considered: first, no damping is applied (ξ ¥ 0) and second, a damping force is applied. For ξ ¥ 0, Fig.3 shows the superimposition of pressure curves given by the modeling with a contact algorithm and the modeling with the merged nodes. Both curves show a good agreement between the results. But, if a zoom is done on both pressure curves, numerical oscillations appear. Their amplitudes are less important than the ones revealed by the penalty coupling but the problem remains the same. Now, ξ is different from zero. Figure 4 shows that the pressure curve obtained with a penalty contact method and a damping force possesses no high frequency oscillations. The results agree. But a difficult job is to calibrate the value of contact parameters like the penalty factor. Therefore, a similar method can be applied for the penalty coupling by knowing that calibrations of coupling parameters for the slamming problem will have to be done.
For the piston problem, the penalty coupling has given a pressure curve perturbed by high frequency oscillations. The penalty contact method, an algorithm close to the penalty coupling program, could give a smoother pressure curve close to the reference pressure if a damping force was added to the penalty force. Therefore, to improve the penalty coupling algorithm, the same process is applied. After this enhancement, the piston problem is treated by the new coupling program again. Figure 5 superimposes the pressure curve given by the Lagrangian case, the pressure curve obtained with a penalty coupling using a damping force and the one with a penalty coupling and without damping. Both pressure curves fit together. The pressure given by the Figure 5 . PRESSURE TIME HISTORY damping-coupling algorithm has almost no oscillations. This result is interessant for the slamming problem because numerical oscillations are present in the pressure signal too [12] .
BIDIMENSIONAL SLAMMING MODELING
The modeling of the two-dimensional problem of water entry of wedges by LS-DYNA3D code has already been treated by the Principia Marine, society of investigations in shipbuilding [12] . The results obtained were noised: high frequency oscillations perturbed the pressure in the fluid near the wall of the wedge. The new feature of the penalty coupling algorithm is going to be used to improve these results. First, a theoretical pressure curve is looked for to compare it with the numerical results. A development of the Wagner's theory by Zhao et al. [4] is used for a two-dimensional rigid wedge with small deadrise angles. Then, the modeling of the slamming problem will be considered by accounting for the theoretical assumptions.
Theoretical approach
The two-dimensional slamming problem is approached in the framework of simplifying hypothesis. The incidence between the structure and the free surface is small but no air cushioning is created during the impact. Two-dimensional, irrotational, incompressible and inviscid flow is assumed. The wedge is rigid with a deadrise angle of 10 o penetrating the calm free surface with a constant velocity. The gravitational acceleration is assumed much smaller than the fluid accelerations. The flow is divided into an inner and outer flow field (see Fig.6 ). The inner flow domain around x ¥ c¡ t ¤ is the splash region and the outer o ) for the inner solution and the flow field around the expanding flat plate for the outer solution. Thus, they created a composite solution for the pressure distribution which will be compared with the numerical results from LS-DYNA3D.
In the outer region, the hypothesis makes it possible to use the complex potential theory to solve the problem and the complex potential of the outer flow is defined by φ. The wedge is represented by an expanding flat plate of half-width c¡ t ¤ . The velocity potential flow on the body can be written as:
The pressure on the body is found by Bernoulli's equation Eq.(56).
The submergence of the wedge, Vt, is assumed much smaller than the expanding half-width c¡ t ¤ . Thus, an asymptotic approach permits to neglect the quadratic terms compared to the first order terms. By accounting for the hypothesis on the gravity, Bernoulli's equation becomes the approximated form Eq.(58) which gives the hydrodynamic pressure with the equation Eq.(55).
The half-wetted body length c¡ t ¤ can be found by calculating an expression for the free surface elevation η¡ x t ¤ . From the solution of the boundary value problem given by Fig.6 , Eq.(59) can be obtained:
Then ,the integration of Eq.(59) yields the free surface elevation η¡ x t
With Eq.(60),η b ¡ x¤ , the maximal free surface elevation relative to the bottom of the wedge (see Fig.6 ), is determined by Eq.(61). 
Both equations determine the expression of c(t):
In the inner region, the pressure on the wedge surface is found from Wagner's local jet flow analysis [2] :
The relationship between the intermediate variable 
δ, the jet thickness obtained by matching the inner and the outer solutions, is equal to πV 2 2cI 4 dc dt
This composite solution will be used for comparisons with the numerical results given by the following slamming modeling.
Two-dimensional modeling of the slamming
The model represented by a Eulerian formulation with 8-node brick elements (see Fig.7 ) is considered. The grid is sandwiched between both planes of symmetry to obtain a twodimensional model with a thickness of 1mm. A third vertical plane of symmetry goes through the apex of the wedge to reduce the number of finite elements. Transmitting boundaries are applied to the three other Eulerian frontiers. The wedge is modeled by three jointed strips consisting of Lagrangian shell elements. Figure 7 presents the position of the three flat plates: the first one is inclined by 10 degrees, the second one is vertical and the last one is horizontal. The dimensions of the structure are shown on Fig.7 . The sizes of Eulerian meshes are roughly about 2.5mm and are twice as large as the Lagrangian meshes. It penetrates the calm water with a constant velocity of 5.425 meters per second.
Numerical results
The numerical results presented in this section are obtained with the Euler/Lagrange penalty coupling equipped with a damping program. The post-treated outputs required calibrations of the penalty factor and the damping parameter. The numerical results are the histories of local pressures at 40mm from the apex and the vertical force on the wedge. Figure 8 and Fig.9 show these curves respectively. On these graphs, the numerical pressure curves are superimposed with the theoretical corresponding results. For the local pressure in 40mm, the penalty coupling is used with a damping and without a damping. Figure 10 presents the superimposition of both cases. 
CURVES
The curves of Fig.8 and Fig.9 show good correlations. On Fig.8 , the pressure peak relative error is about 3%. The last graph shows both curves have similar evolutions. Therefore, the numerical data are close to the theoretical results. The slamming modeling after the calibration of the penalty parameter is in close agreement with the physical phenomenon results. To highlight the effect of damping on the pressure signal, the graph of is built by superimposing the pressure at 40mm from the apex for a penalty coupling using the damping and for a penalty coupling without damping (the former coupling). The comparison of both curves shows an effective damping of oscillations after the pressure peak. This latter increases from 1Bar for the modeling without damping to 1.2Bars for the modeling with an improved modeling. As 1.2Bars is the theoretical pressure impulse value, the damping program introduced in the penalty coupling makes it possible to predict the results of the slamming better.
CONCLUSIONS
The slamming modeling with the traditional penalty coupling showed numerical oscillations problems. More specifically, for times close to the instant of pressure peak, "numerical noise" produced by the penalty spring perturbed the investigated value of the impulse and the shape of the curve after the peak instant. To treat this problem, a damping program has been added to the penalty algorithm in order to obtain smooth pressures. In the sample modeling of the piston, the new penalty coupling has given good results by damping high oscillations. Then, the slamming has been considered with this new program. The comparison between the former and the new penalty coupling on a pressure output has shown that the damping effect is positive: the added damping option in the coupling card makes it possible to find accurately the theoretical results given by Wagner's approach. The future investigations will focus on the calibration of the coupling parameter. The prospect is to predict the value of both parameters for any considered simulation of fluid/structure interaction problem.
